ABSTRACT A double-antibody enzyme-linked immunosorbent assay was used to determine the bloodmeal sources of adult mosquitoes (Diptera: Culicidae) collected in encephalitis vector surveillance mosquito traps in Western Australia between May 1993 and August 2004. In total, 2,606 blood-fed mosquitoes, representing 29 mosquito species, were tested, and 81.7% reacted with one or more of the primary antibodies. Aedes camptorhynchus (Thomson) and Culex annulirostris Skuse were the most common species tested, making up 47.2% (1,234) and 35.6% (930), respectively. These species obtained bloodmeals from a variety of vertebrate hosts but particularly marsupials and cows. In contrast, Culex pullus Theobald (72.7%; 24/33), Culiseta atra (Lee) (70.0%; 7/10), Culex globocoxitus Dobrotworsky (54.5%; 12/22), and Culex quinquefasciatus Say (39.3%; 22/56) often obtained bloodmeals from birds. Although Ae. camptorhynchus and Cx. annulirostris are well established vectors of arboviruses, other mosquitoes also may have a role in enzootic and/or epizootic transmission.
The ßaviviruses (family Flaviridae, genus Flavivirus) Murray Valley encephalitis virus (MVEV) and West Nile virus subtype Kunjin virus (KUNV), and the alphaviruses (family Togaviridae, genus Alphavirus) Ross River virus (RRV) and Barmah Forest virus (BFV) regularly cause disease in Australia (Mackenzie et al. 1994 ). In addition, incursions of the ßavivirus Japanese encephalitis virus (JEV) occur in the Torres Strait (Hanna et al. 1996 (Hanna et al. , 1999 Pyke et al. 2001 ) and mainland Australia (van den Hurk et al. 2006) . The north of Western Australia (WA) is an important enzootic focus of MVEV and KUNV activity, and large outbreaks of RRV and BFV disease occur across the state. In addition, JEV is of concern, because the potential exists for JEV to be introduced across northern Australia via similar mechanisms to those described in north Queensland (Ritchie and Rochester 2001) , or by gradual movement from enzootic foci should JEV become established in northeastern Australia. Virus isolation studies from mosquitoes (Diptera: Culicidae) in WA (Liehne et al. 1976b Broom et al. 1997 ; A.K.B., C.A.J., and M. D. Lindsay, WA Department of Health, unpublished data) have shown that many species of mosquitoes are potentially infected with MVEV, KUNV, RRV, and BFV, and vector competence studies with these viruses and JEV (Kay et al. 1975 (Kay et al. , 1982 (Kay et al. , 1984 Ballard and Marshall 1986 , Wells et al. 1994 , Watson and Kay 1998 Kay 1999, 2000; Kay 1999, van den Hurk et al. 2003a ) have conÞrmed that some of these species [including Culex annulirostris Skuse, Culex sitiens Wiedemann, Culex palpalis Taylor, Culex quinquefasciatus Say, Culex gelidus Theobald, Aedes vigilax (Skuse), Aedes camptorhynchus Thomson, and Aedes notoscriptus (Skuse)] can transmit some of these viruses to susceptible hosts.
Serological surveys of vertebrates in Australia have provided some insight into which vertebrates become infected with various arboviruses (Doherty et al. 1959 (Doherty et al. , 1964 (Doherty et al. , 1968 (Doherty et al. , 1970 Liehne et al. 1976a , Marshall et al. 1982 , Lindsay 1995 , Johansen et al. 2005a , Kay et al. 2007 ). In addition, numerous studies have been conducted to investigate host-feeding behavior of mosquitoes in Queensland and the Northern Territory (Kay et al. 1979 (Kay et al. , 1985a (Kay et al. , 2007 Muller 1981 , van den Hurk et al. 2001 , 2003b , thereby establishing links between potential vector species and vertebrate hosts. However, studies conducted in other states relating to host-feeding behavior of vector mosquitoes may not have direct application in WA, where the available vertebrate hosts and vector species are often different (Colless 1959) . Some studies on host-feeding behavior of WA species of mosquitoes have been conducted previously that showed Ae. camptorhynchus, a conÞrmed vector of RRV (Ballard and Marshall 1986) , often obtained bloodmeals from cows, and less often from horses, marsupials, and chickens (Berlandier 1988, M. D. Lindsay, WA Department of Health, unpublished data) . However, a thorough survey of the host-feeding behavior of mosquitoes collected at sites throughout WA where arbovirus activity often occurs has not been conducted. In addition, detailed investigations of host-feeding behavior of JEV vectors in northern Queensland was recommended as priority research after the detection of JEV on mainland Australia in 1998 . Given the high level of ßavivirus activity observed annually in northern WA, coupled with the large populations of potential vectors of JEV in northern WA during each wet season (Broom et al. 2005) , there is a need for similar studies to be conducted in WA.
For these reasons, a double-antibody enzymelinked immunosorbent assay (ELISA) was used to determine which vertebrates are the most common source of bloodmeals in mosquitoes collected during surveillance of arboviruses in WA. The data provide further circumstantial evidence implicating a number of known or potential vector species in transmission of medically important arboviruses in WA.
Materials and Methods
Study Sites. Mosquito collections were obtained from a variety of urban, periurban, and rural environments, including large wetland and native bushland habitats inhabited by potential vertebrate hosts of Australian arboviruses, to survey a diversity of mosquito fauna that may be involved in virus transmission cycles. The Northeast, Southeast and West Kimberley regions are sparsely populated with a dry monsoonal climate (Fig. 1) . Seasonal heavy rain leads to widespread inundation and ßooding and high humidity during the wet season. Rainfall is less reliable in the Southeast Kimberley region. Many large river systems drain the region, including the Ord River at Kununurra in the Northeast Kimberley region, which is dammed to create a vast artiÞcial irrigation area. (Fig. 1 ). Mosquitoes were collected using CO 2 -baited encephalitis virus surveillance traps as described previously (Broom et al. 1989 , Lindsay et al. 1993 ) and stored at Ϫ70ЊC. Mosquitoes were identiÞed to species on a refrigerated cold table and blood engorged mosquitoes were stored at Ϫ20ЊC before analysis.
Analysis of Mosquito Bloodmeal Hosts. A doubleantibody ELISA adapted from Blackwell et al. (1994) was used to determine whether mosquito bloodmeals were of bovine, sheep (Ovis aries)/goat (Capra hircus), pig (Sus scrofa), marsupial, avian, horse, human (Homo sapiens), cat (Felis catus), dog (Canis familiaris), or rabbit origin. Optimal primary antibody and conjugated secondary antibody dilutions (Table 1) were determined using positive and negative control sera in a checkerboard pattern.
Cross-reactions were analyzed by testing a panel of animal sera (cow, sheep, goat, pig, rabbit determined]) in each optimized assay. The majority of animal sera used as controls during optimization and subsequent application were from an existing serum bank in the Discipline of Microbiology and Immunology, The University of Western Australia (UWA) (Lindsay 1995) . Additional bird sera (representing 15 species), dingo (Canis lupus dingo) sera, and ostrich (Struthio camelus) sera were provided by The Australian Quarantine Inspection Service (Broome, Australia), the Perth Zoological Gardens and the Animal Resource Centre (UWA), respectively. Where possible, cross-reactivity was then removed by adsorption of primary antibodies with heterologous cross-reactive sera, and treated primary antibodies were subsequently used in the Þnal optimized assays (Table 1) . Sera ultimately used as negative controls were those that cross-reacted the most (after primary antibody adsorption). The optimal concentration of mosquito bloodmeal homogenates used in the ELISA was determined by titration of homogenates from mosquitoes that were allowed to feed on rabbit blood.
Blood-fed mosquito homogenates were tested in duplicate in each assay. Each assay was performed on separate U-bottom polyvinyl chloride 96-well plates (ThermoLabsystems, Franklin, MA). Engorged mosquitoes and negative control (nonblood-fed) mosquitoes were homogenized in 100 l of phosphate-buff-ered saline by using a pestle homogenizer (Kontes Glass Co., Vineland, NJ), clariÞed at 13,000 rpm for 1 min to remove mosquito debris, and stored at Ϫ20ЊC before testing in the ELISA. Homogenates were diluted 1/1,600 in 0.05 M carbonate/bicarbonate coating buffer, pH 9.6, and 50 l was added to duplicate wells on each test plate. Fifty microliters of positive and negative control sera diluted 1/320,000 in coating buffer was added to four wells on each plate. Two wells on each plate were coated with 50 l of coating buffer alone. Plates were left overnight at 4ЊC, before being washed twice with ELISA wash buffer (phosphate-buffered saline containing 0.05% Tween 20). Plates were blocked for 30 min to 3 h with 100 l of blocking buffer (0.05 M Tris, 1 mM EDTA, 0.15 M NaCl, 0.05% Tween 20, and 0.2% high nitrogen casein, pH 8.0), before the addition of 50 l per well of primary antibodies diluted in blocking buffer (Table  1) . After incubation for one hr at room temperature, the plates were washed four times with ELISA wash buffer, and 50 l per well of horseradish peroxidase conjugated secondary antibodies diluted in blocking buffer were added and incubated at room temperature for 1 h. Plates were washed six times before 
Results
Analysis of the double-antibody ELISA using sera from a range of animals (cow, sheep, goat, pig, rabbit, horse, donkey, human, cat, dog, fox, dingo, possum, quokka, wallaby, kangaroo, mouse, chicken, duck, and ostrich) revealed that the dog assay also detected fox and dingo sera, the horse assay also detected donkey sera, and the marsupial assay detected kangaroo, wallaby, quokka, and possum sera and was considered broadly reactive for marsupials. Similarly, the avian assay detected sera from 40 individual birds representing 19 species and 10 families (Anatidae, Ardeidae, Charadriidae, Corvidae, Fregatidae, Laridae, Rostratulidae, Scolopacidae, Struthionidae, and Sulidae), indicating a broad cross-reactivity with bird species.
Of the 2,606 blood-fed mosquitoes (representing 29 species) analyzed, 2,129 (81.7%) reacted with at least one primary antibody in the ELISA ( b All primary antibodies were preadsorbed with serum from cross-reactive species by combining primary antibodies with cross-reactive serum (ratio 10:1 for each cross-reactive species, with the exception of rabbit anti-cow whole serum, when the ratio was 10:2 with sheep serum) and allowing to adsorb at least overnight.
c Conjugated goat anti-rabbit IgG was supplied by Dako North America, Inc.; conjugated donkey anti-sheep/goat IgG was supplied by The Binding Site Ltd. (Birmingham, United Kingdom).
d Nonfed mosquitoes also were included as negative controls in each assay. e Other primary anti-bird and anti-chicken (Gallus gallus) serum or IgG also were tested; however, only the rabbit anti-chicken whole serum (Bethyl Laboratories Inc.) was broadly reactive with all bird species tested and for this reason was chosen for use in the double-antibody ELISA. from birds. Mosquito bloodmeals that did not react in the ELISA are likely to have originated from other vertebrate species not investigated in this study, although a small proportion of these may represent mosquitoes that obtained a bloodmeal from one of the vertebrates tested, but the bloodmeal was almost completely digested and unable to be detected in the ELISA. A small proportion (3.9%) of bloodfed mosquitoes reacted with two or more primary antibodies in the ELISA and represent feeding on multiple hosts.
Collection of sufÞcient numbers of engorged Cx. annulirostris enabled investigation of host-feeding behavior in different regions. Cx. annulirostris obtained bloodmeals from a range of vertebrate hosts, however, marsupials (28.2%; 262/930), cows (25.0%; 233/930), and birds (12.0%; 112/930) were the most common sources of bloodmeals ( Almost all blood-fed Ae. camptorhynchus tested in this study were from eight localities in the South Coastal region in the southwest of WA. A single specimen from the GoldÞelds region reacted with the marsupial primary antibody in the ELISA. Overall, the most common bloodmeal sources for Ae. camptorhynchus were marsupials (51.5%; 635/1,234), cows (16.0%; 197/1,234), sheep or goats (6.0%; 77/1,234), and horses (4.0%; 50/1,234).
Discussion
Cx. annulirostris is already a recognized opportunistic feeder, because it readily take bloodmeals from a variety of vertebrate sources (Kay et al. 1979 (Kay et al. , 1985a (Kay et al. , 2007 Muller 1981; van den Hurk et al. 2001 van den Hurk et al. , 2003b , depending on local vertebrate host availability. Although opportunistic, in rural or sylvan areas Cx. annulirostris often obtains bloodmeals from marsupials (Kay et al., 1985a , van den Hurk et al., 2003b , and this a Some of a number of mosquitoes recognized as separate species by the late Dr E.N. Marks, an expert culicid taxonomist in Australia, that remain undescribed due to inadequate knowledge of immature stages of the species.
b These species can be difÞcult to reliably distinguish morphologically; and for the purposes of this study, they have not been separated to individual species.
was reßected in the results from WA. Other animals frequently targeted by Cx. annulirostris in WA include birds and cattle, particularly in localities with extensive wetland habitat and known to have large populations of resident and/or migratory waterbirds or where extensive cattle stations form a major part of local industry.
MVEV and KUNV are commonly isolated from mosquitoes collected in northern WA, and Cx. annulirostris is the most important vector of these viruses (Mackenzie et al. 1994) . Birds are considered to be the major vertebrate hosts of MVEV and KUNV (Marshall 1988) , and they have been implicated in the movement of these viruses from northern regions where they are enzootic into more southerly regions after periods of heavy rainfall (Mackenzie et al. 1994) . Results presented here suggest that the vector Cx. annulirostris readily obtains bloodmeals from avian hosts, facilitating transmission between the vector and amplifying host.
In a previous study of host bloodmeal sources of Cx. annulirostris collected in four locations in Cape York Peninsula in northern Queensland, van den Hurk et al. (2003b) showed that, of the number of blood-fed Cx. annulirostris tested, between 17.1 and 53.4% fed on marsupials, 2.9 and 14.3% on birds, and 0.7 and 28.6% on pigs. In comparison, our study found that in the Kimberley region in northern WA, between 1.0 and 34.6% of Cx. annulirostris had fed on marsupials, 7.2 and 20.6% on birds, and 0 and 1.0% on pigs. It was hypothesized that large populations of agile wallabies (Macropus agilis) may reduce the risk of JEV transmission in northern Australia by diverting host-seeking Cx. annulirostris away from feral pigs, which are regarded as potential vertebrate hosts of JEV in northern Queensland (van den Hurk et al. 2003b) . Although the proportion of Cx. annulirostris that had fed on marsupials was slightly lower in our study compared with the Queensland study, the results were sufÞ-ciently comparable to suggest that a similar phenomenon also might occur in northern WA if JEV was introduced.
Clearly, the large proportion of Cx. annulirostris in our study that obtained their bloodmeals from marsupials in northern WA does not impede transmission of indigenous ßaviviruses, presumed to be between Cx. annulirostris and avian vertebrate hosts. The ßa-viviruses MVEV and KUNV are enzootic in nothern WA, and epizootic in more southerly regions . Mosquitoes from these regions analyzed during this study were collected during the late wet season when MVEV and KUNV are active, as determined by frequent seroconversions in sentinel chickens and isolations from mosquitoes (Broom et al. 2005) . However, our data together with previous demonstration of MVEV infection and transmission by Cx. annulirostris from gray kangaroos but not agile wallabies in Queensland (Kay et al. 1985b) suggest that there may be some merit in re-evaluating the role of marsupials in ßavivirus transmission in northern WA.
The large proportion of Cx. pullus observed with avian bloodmeals in northern WA is notable. Cx. pullus has been recorded previously in light and chickenbaited traps in north Queensland, but not humanbaited traps, suggesting that this species is highly ornithophilic (Standfast and Barrow 1968) . Cx. pullus is a regular component of adult mosquito collections each year, particularly in the northeast Kimberley region of WA, and isolates of MVEV and the closely related ßavivirus Alfuy virus (ALFV) are frequently obtained from this species. This includes an isolate of ALFV from male Cx. pullus, providing circumstantial evidence for vertical transmission of ALFV in this species (A.K.B. and C.A.J., unpublished data). Although vector competence studies have not been conducted for this species, Cx. pullus may have a role in enzootic transmission of these ßaviviruses in birds in northern WA, and opportunistic species such as Cx. annulirostris and Cx. quinquefasciatus may be responsible for movement of these viruses into humans and animal reservoir or dead-end hosts.
Ae. camptorhynchus most often obtained bloodmeals from marsupials and cows, although bloodmeals from a wide range of vertebrates were detected in this study. Previously in the South Coastal region, western gray kangaroos were found to be the vertebrate (of 16 species tested) most commonly infected with RRV (35.8%) (Lindsay 1995) . Furthermore, the majority of RRV isolations from mosquitoes collected for arbovirus surveillance in the southwest of WA are from Ae. camptorhynchus (Lindsay 1995 , Lindsay et al. 1996 , Johansen et al. 2005b , and the vector competence of this mosquito species has been conÞrmed in laboratory studies (Ballard and Marshall 1986) . Given the likely role of marsupials in RRV ampliÞcation (reviewed by Harley et al. 2001 ) and vector competence of Ae. camptorhynchus for RRV, the frequency with which this species obtains bloodmeals from marsupials veriÞes the role Ae. camptorhynchus has in RRV vectorÐ host interactions. In contrast, 16.0% of Ae. camptorhynchus obtained bloodmeals from cattle; however, only a low prevalence of neutralizing antibodies to RRV was detected in cattle (Lindsay 1995) . This may indicate that bovines are either rarely infected with RRV despite regularly being bitten by the major vector or RRV, and are unlikely to have an important role in RRV transmission in WA, or that they rarely develop detectable levels of antibody to RRV. Although Ae. camptorhynchus did not commonly take bloodmeals from humans in this study, this species can reach plague numbers when environmental conditions become suitable (Lindsay et al. 1996) . Therefore, even a low level of feeding on humans seems to be sufÞcient for outbreaks of RRV disease to occur in humans, particularly when infection rates in Ae. camptorhynchus can reach as high as one in every 28 mosquitoes (Johansen et al. 2005b) . It is important to note that the location of the majority of mosquito traps yielding collections of blood-fed Ae. camptorhynchus in rural and periurban locations is likely to have resulted in a sampling bias toward hosts other than humans and domesticated animals such as cats and dogs.
Isolations of RRV and/or BFV have been obtained from a number of other mosquito species collected in WA, including Ae. vigilax and Cx. annulirostris, both important vectors of RRV, and several freshwater breeding mosquito species (reviewed in Russell 2002; C.A.J. and M.D. Lindsay, WA Department of Health, unpublished data) that are abundant during peak arbovirus activity. Vector competence studies have only been conducted for some of these species. Given the large proportion of the population of these species that opportunistically obtain bloodmeals from a wide range of vertebrate species, including marsupials, it is possible that they also may facilitate vector and host interaction in WA and further investigation of these species is warranted.
